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DESCRIPTION OF THE INVENTION 

Field of the Invention 

[001] This invention relates in general to an input/output buffer circuit and, 
more particularly, to a mixed-voltage input/output buffer circuit without a dual oxide 
option and complex bias circuits. 

Background of the Invention 

[002] In a large electronic system having multiple sub-systems, such as in 
a computer system, there are generally a plurality of power supplies providing 
different power levels. The sub-systems, such as integrated circuits (ICs) and chips 
in the system often require different power voltages. Therefore, to protect the sub- 
systems from being damaged by the different power voltages, a mixed-voltage 
input/output (I/O) buffer circuit is generally provided between the sub-systems. 

[003] For example, in a system having a first circuit on a first chip and a 
second circuit on a second chip with an I/O buffer circuit coupled therebetween, the 
buffer circuit operates in at least two operational modes. For purposes of the 
present description, it is assumed that a power supply of the first circuit has a lower 
voltage level than that of the second circuit and the I/O buffer circuit operates at the 
same power supply level as that of the first circuit. Thus, the first circuit and the I/O 
buffer circuit operate at a 1 .8V or 2.5V and the second circuit operates at a power 
level of 3.3V or 5V. In addition, the I/O buffer circuit operates at a transmit mode 
and a receive mode. The I/O buffer circuits operates in the transmit mode when the 
buffer receives one or more signals from the first circuit and outputs one or more 
signals to the second circuit. The I/O buffer circuit operates in the receive mode 
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when the buffer receives one or more signals from the second circuit and outputs 
one or more signals back to the first circuit. Ideally, the buffer circuit is expected to 
operate without errors in either mode. In the transmit mode, the buffer generally 
operates as expected. However, errors may occur when the buffer circuit operates 
in the receive mode. Such errors are explained with reference to Fig. 1 . 

[004] Fig. 1 is a block diagram of a conventional buffer circuit 100 used in a 
mixed-voltage system (not numbered) including a first chip (not numbered) and a 
second chip (not numbered). The first chip includes buffer circuit 100 and a first 
circuit 106 coupled to buffer circuit 100. Buffer circuit 100 includes a logic circuit 
102, a driver circuit 104 coupled to logic circuit 102, and a bonding pad 108 coupled 
to logic circuit 102. Driver circuit 104 includes a PMOS transistor 112 and an NMOS 
transistor 114, both of which are driven by logic circuit 102. The drain terminals (not 
numbered) of both PMOS transistor 112 and NMOS transistor 114 are coupled 
together and further coupled to bonding pad 108. Both the source (not numbered) 
and the substrate (not numbered) of PMOS transistor 1 1 2 are coupled to V D d- A 
parasitic diode 1 16 is formed between the drain and substrate of PMOS transistor 
112. Driver circuit 104 is coupled, through bonding pad 108, to a second circuit 110 
provided in the second chip. Buffer circuit 100 has a power supply voltage V D d of 
2.5V and second circuit 110 has a power supply voltage of 5V. 

[005] Buffer circuit 1 00 may encounter an operational error in the receive 
mode of driver circuit 104 when second circuit 110 outputs a logic "1", e.g., 5V, to 
bonding pad 108. Since PMOS transistor 112 has a drain voltage of 5V and a 
substrate, or n-well, voltage of 2.5V, the drain-substrate p-n junction of PMOS 
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transistor 1 12 is forward biased, thereby causing a substantial current to flow 
through diode 116 from bonding pad 108 to V D d* Furthermore, when bonding pad 
108 is at 5V, while the gate of PMOS transistor 1 12 is at either 2.5V or 0V, PMOS 
transistor 1 12 is turned on due to the positive bias on the drain terminal with respect 
to the gate terminal. Therefore, current flows through transistor 112 from bonding 
pad 108 to the V D d terminal. Therefore, even when PMOS transistor 1 12 is 
supposed to be off, i.e., when buffer circuit 100 is operating in the receive mode, 
PMOS transistor 112 may be on and conducting current from bonding pad 108 to the 
Vqd terminal. 

[006] Since the MOS transistors in first circuit 106 are designed for 2.5V 
operations, the transistors in buffer circuit 100, which is on the same chip as first 
circuit 1 06, are generally also designed for 2.5V operations to simplify the design 
and manufacturing process. During operation, the voltage drop across the gate 
oxide of the transistors of buffer circuit 100 should be generally no more than about 
2.5V. However, when the voltage at bonding pad 108 is 5V in the receive mode, 
while the gate of NMOS transistor 1 14 is biased at 0V, the gate oxide of NMOS 
transistor 1 14 is subject to a 5V voltage drop, which may degrade or damage the 
gate oxide, thereby adversely affecting the operations of buffer circuit 100. 

[007] A known alternative to the buffer circuit 100 shown in Fig. 1 is shown 
in Fig. 2. Referring to Fig. 2, stacked NMOS transistors 210 and 212 replace NMOS 
transistor 114. Therefore, when the voltage at bonding pad 108 is at 5V, while V D d 
is at 2.5V, the voltage drop across the gate oxide of NMOS transistor 210 is only 
2.5V. As such, the gate oxide is less likely to be degraded or damaged. 



3 



SUMMARY OF THE INVENTION 

[008] Accordingly, the present invention is directed to mixed-voltage I/O 
circuit designs that obviate one or more of the problems due to limitations and 
disadvantages of the related art. 

[009] In accordance with the present invention, there is provided a buffer 
circuit in a mixed-voltage circuit operating in a power supply voltage that includes a 
node, a driver circuit coupled to the node comprising at least a first PMOS transistor 
having a substrate, a drain, a source, and a parasitic diode between the drain and 
the substrate, the driver circuit having an on-state and an off-state, and a second 
PMOS transistor having a source and a drain, one of the source and drain of the 
second PMOS transistor being coupled to the substrate of the first PMOS transistor, 
wherein the second PMOS transistor is turned off when a first signal having a 
voltage level higher than the power supply voltage is provided on the node. 

[010] Also in accordance with the present invention, there is provided a 
buffer circuit operable in a power supply voltage coupled between a first circuit 
having a first power level and a second circuit having a second power level that 
includes a node, a driver circuit comprising a first transistor and a pair of stacked 
transistors, the first transistor having a gate, a source, and a drain, one of the source 
and the drain of the first transistor being coupled to the node, the stacked transistors 
comprising a second transistor and a third transistor, a fourth transistor having a 
source and a drain, one of the source and drain of the fourth transistor being 
coupled to the gate of the first transistor, the other of the source and drain of the 
fourth transistor being coupled to the node, wherein the fourth transistor is turned on 
to provide a first bias to the gate of the first transistor when a first signal having a 



voltage level higher than the power supply voltage appears at the node and a gate- 
tracking circuit coupled to the node and the second and third transistors. 

[01 1] Further in accordance with the present invention, there is provided a 
buffer circuit connectable to receive a power supply voltage that includes a node, a 
driver circuit coupled to the node comprising at least a first PMOS transistor, the first 
PMOS transistor having a gate and a substrate, the driver circuit having an on-state 
and an off-state, a second PMOS transistor having a source and a drain, one of the 
source and drain of the second PMOS transistor being coupled to the substrate of 
the first PMOS transistor, wherein the second PMOS transistor is turned off when a 
first signal having a voltage level higher than the power supply voltage appears at 
the node, a first part of a tracking circuit coupled to the gate of the first PMOS 
transistor to provide a first bias to the gate of the first PMOS transistor when the first 
signal appears at the node, and a second part of a tracking circuit coupled to the 
gate of the first PMOS transistor to provide a second bias to the gate of the first 
PMOS transistor when the driver circuit is in the off-state and a second signal having 
a voltage level no greater than the power supply voltage appears at the node. 

[012] Still further in accordance with the present invention, there is provided 
a system having a plurality of components operating at different voltage levels that 
includes a first chip including a first circuit, a second chip including a second circuit, 
a buffer circuit on the first chip having a receive mode and a transmit mode of 
operation and coupled between the first circuit and the second circuit, wherein the 
buffer circuit is connectable to a first power supply voltage and the second circuit is 
connectable to a second power supply voltage, a node coupling the buffer circuit to 
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the second circuit, and a control signal terminal for providing a first control signal to 
switch the buffer circuit into the transmit mode, in which the buffer circuit receives at 
least one signal from the first circuit and outputs at least one signal to the second 
circuit, and for providing a second control signal to switch the buffer circuit into the 
receive mode, in which the buffer circuit receives at least one signal from the second 
circuit and outputs at least one signal to the first circuit, wherein the buffer circuit 
comprises at least a driver circuit. 

[013] In one aspect, the driver circuit includes at least a first PMOS 
transistor having a drain and a substrate. The buffer circuit further includes a 
second PMOS transistor having a source and a drain, one of the source and drain of 
the second PMOS transistor being coupled to the substrate of the first PMOS 
transistor, wherein the second PMOS transistor is turned off when a first signal 
having a voltage level higher than the power supply voltage appears at the node. 

[014] In another aspect, the driver circuit includes a first NMOS transistor 
and a second NMOS transistor serially coupled to each other, and the inverter has 
an input terminal coupled to both the first and second NMOS transistors and a drain 
of the third PMOS transistor and an output terminal coupled to a gate of the third 
PMOS transistor, and the third PMOS transistor also has a source connectable to 
the first power supply voltage. 

[015] Additional objects and advantages of the invention will be set forth in 
part in the description which follows, and in part will be obvious from the description, 
or may be learned by practice of the invention. The objects and advantages of the 
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invention will be realized and attained by means of the elements and combinations 
particularly pointed out in the appended claims. 

[016] It is to be understood that both the foregoing general description and 
the following detailed description are exemplary and explanatory and are intended to 
provide further explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[017] The accompanying drawings, which are incorporated in and 
constitute a part of this specification, illustrate embodiments of the invention and, 
together with the description, serve to explain the objects, advantages, and 
principles of the invention. 

[018] In the drawings, 

[019] Figure 1 is a block diagram of a conventional I/O buffer circuit; 

[020] Figure 2 is a block diagram of another conventional I/O buffer circuit; 

[021] Figure 3 is a block diagram of an I/O buffer circuit consistent with one 
embodiment of the present invention; 

[022] Figure 4 is a chart showing a simulation result of the I/O buffer circuit 
shown in Figure 3; and 

[023] Figures 5A and 5B show another simulation result of the I/O buffer 
circuit shown in Figure 3. 

DESCRIPTION OF THE EMBODIMENTS 

[024] Reference will now be made in detail to the present embodiments of 
the invention, examples of which are illustrated in the accompanying drawings. 
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Wherever possible, the same reference numbers will be used throughout the 
drawings to refer to the same or like parts. 

[025] Figure 3 is a block diagram of an I/O buffer circuit 300 consistent with 
one embodiment of the present invention. Referring to Figure 3, I/O buffer circuit 
300 includes a driver circuit 302, a floating well circuit 304, and a gate-tracking 
circuit 306 coupled between a first circuit (not shown) on a first chip and a second 
circuit (not shown) on a second chip (not shown) of a mixed-voltage system. Signals 
are transmitted from the first circuit to the second circuit in the transmit mode and 
from the second circuit to the first circuit in the receive mode. 

[026] For the convenience of explaining the present invention and without 
limitation on the scope of the present invention, it is assumed that buffer circuit 300 
and the first circuit are both connectable to a first power supply voltage V D d at 2.5V, 
and the second circuit is connectable to a second power supply of 5V. Alternatively, 
the first and second power supply voltages may also be 1.8V and 3.3V, respectively, 
or any other pair of voltages encountered in integrated circuit applications. With a 
power scheme of 2.5V/5V, a signal having a voltage level of about 2.5V is 
considered a "logic high" signal in the transmit mode, and a signal having a voltage 
level of about 5V is considered a "logic high" signal in the receive mode. With a 
power scheme of 1.8V/3.3V, a signal having a voltage level of about 1 .8V is 
considered a "logic high" signal in the transmit mode, and a signal having a voltage 
level of about 3.3V is considered a "logic high" signal in the receive mode. A "logic 
low" signal in both the receive and transmit modes can have a voltage level between 
0V to a small positive value, but less than the logic level of a "logic high" signal. 
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[027] Referring to Fig. 3, buffer circuit 300 is coupled to the first circuit 
through a pre-driver circuit 308, which receives signals from the first circuit at one or 
more input terminals and outputs one or more signals to driver circuit 302. The input 
terminals of pre-driver 308 include at least a control signal terminal 310 to receive an 
output enable signal OE provided from the first circuit, and a data input terminal 312 
to receive data signal D ou t. Pre-driver circuit 308 provides at least a first output 
signal Di and a second output signal D 2 . 

[028] In operation, output enable signal OE switches buffer circuit 300 
between the transmit mode and the receive mode. For example, a logic high OE 
signal switches buffer circuit 300 into the receive mode and shuts down a path for 
Dout to be transmitted from the first circuit to the second circuit. At the same time, 
the logic high OE signal opens a path for a signal appearing at a node, or 
input/output (I/O) pad 314 to be transmitted from the second circuit to the first circuit. 
A logic low OE signal switches buffer circuit 300 into the transmit mode. A signal 
appears on bonding pad 314 is an input signal in the receive mode and an output 
signal in the transmit mode, both of which may have two states, a logic high and a 
logic low, wherein with a power scheme of 2.5V/5V, the logic high for the transmit 
mode is about 2.5V, the logic high for the receive mode is about 5V, and the logic 
low is about 0V. 

[029] Driver circuit 302 includes a PMOS transistor 316 and stacked NMOS 
transistors 318 and 320. Each of PMOS transistor 316 and NMOS transistors 318 
and 320 includes a source (not numbered), a drain (not numbered), and a gate (not 
numbered). PMOS transistor 316 also includes a substrate (not numbered), or n- 
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well, and a parasitic diode 322 between the drain and substrate of PMOS transistor 
316. It is generally understood that a MOS transistor is generally symmetrical and 
the source and drain of the transistors in the above circuit configuration are 
interchangeable. 

[030] Floating well circuit 304 comprises a PMOS transistor 330 having a 
gate (not numbered), a source (not numbered), a drain (not numbered), and a 
substrate (not numbered). The gate of PMOS transistor 330 is coupled to the gate 
of PMOS transistor 316. The source of PMOS transistor 330 is coupled to the 
substrate of PMOS transistor 330 and also to the substrate of PMOS transistor 316. 
The drain of PMOS transistor 330 is connectable to V D d. Floating well circuit 304 
provides different biases to the substrate of PMOS transistor 316, while gate- 
tracking circuit 306 adjusts a bias on the gate of PMOS transistor 316, thereby 
turning PMOS transistor 316 on and off. The drain of PMOS transistor 316 is 
coupled to bonding pad 314, and the source of PMOS transistor 316 is connectable 
to Vdd- The gate of PMOS transistor 316 is also coupled to pre-driver 308 through a 
switch 324 of gate tracking circuit 306 for receiving signal D 2 . 

[031] Gate-tracking circuit 306 includes a first part and a second part, 
responsive respectively to the conditions when the signal on bonding pad 314 is 
either a logic high input signal or a logic low input signal. The first part of gate- 
tracking circuit 306 comprises a PMOS transistor 332. The second part of gate- 
tracking circuit 306 comprises a PMOS transistor 334 and switch 324. Each of 
PMOS transistors 332 and 334 includes a substrate (not numbered), a source (not 
numbered), a drain (not numbered), and a gate (not numbered). The substrate of 
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PMOS transistor 332 is coupled to the substrate, or the n-well, of PMOS transistor 
316. The gate of PMOS transistor 332 is connectable to V D d. The drain of PMOS 
transistor 332 is coupled to bonding pad 314, and the source of PMOS transistor 
332 is coupled to the gate of PMOS transistor 316. The drain of PMOS transistor 
334 is coupled to bonding pad 314, and both the substrate and the source of PMOS 
transistor 334 are coupled to the gate of a PMOS transistor 326 provided in switch 
324. The gate of PMOS transistor 334 is coupled to both the drain of NMOS 
transistor 318 and the source of NMOS transistor 320. 

[032] Switch 324 includes PMOS transistor 326 and an NMOS transistor 
328. Switch 324 is turned on when buffer circuit 300 is in the transmit mode. Each 
of PMOS transistor 326 and NMOS transistor 328 has a gate (not numbered), a 
source (not numbered), and a drain (not numbered). One of the source and drain of 
PMOS transistor 326 is coupled to one of the source and drain of NMOS transistor 
328 and further coupled to the gate of PMOS transistor 31 6. The other of the source 
and drain of PMOS transistor 326 is coupled to the other of the source and drain of 
NMOS transistor 328 and further coupled to pre-driver 308 to receive signal D2. The 
gate of NMOS transistor 328 is connectable to V D d- PMOS transistor 326 also has a 
substrate coupled to the n-well. 

[033] The gate of NMOS transistor 318 is coupled to pre-driver circuit 308 
for receiving signal D1. The source of NMOS transistor 318 is connectable to ground 
(GND). The drain of NMOS transistor 318 is coupled to the source of NMOS 
transistor 320. The drain of NMOS transistor 320 is coupled to bonding pad 314 and 
the drain of PMOS transistor 316. The gate of NMOS transistor 320 is connectable 
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to Vdd- NMOS transistor 320 provides protection for NMOS transistor 318 such that 
a high voltage appearing on bonding pad 314 would not damage the gate dielectric 
of NMOS transistor 318. 

[034] Buffer circuit 300 may also comprise an input circuit 336 for receiving 
the signal on bonding pad 314 and passing an input signal D in (not shown) according 
to the signal on bonding pad 314. Referring to Fig. 3, input circuit 336 comprises an 
inverter 338 and a PMOS transistor 340. Inverter 338 includes an input terminal (not 
numbered) coupled to the drain of NMOS transistor 318 and the source of NMOS 
transistor 320, and an output terminal (not numbered) coupled to the first circuit. 
PMOS transistor 340 includes a gate (not numbered) coupled to the output terminal 
of inverter 338, a source (not numbered) connectable to V D d, and a drain (not 
numbered) coupled to the input terminal of inverter 338. 

[035] In the transmit mode, one of transistors 316 and 318 is turned on and 
driver circuit 302 is therefore turned on to transmit signal to the second circuit. In the 
receive mode, both transistors 316 and 318 are turned off and driver circuit 302 is 
turned off. Input circuit 336 receives the signal from the second circuit and transmits 
the signal to the first circuit. The functions of the circuits of the present invention are 
further explained in detail below. 

[036] A, Transmit mode, logic low output signal (0V) 

[037] When buffer circuit 300 is in the transmit mode and both Di and D 2 
are at 2.5V, both NMOS transistors 318 and 320 are on and bonding pad 314 is at 
0V. The gate of PMOS transistor 316 is first biased at about V D D-Vthn, wherein V thn is 
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the threshold voltage of NMOS transistor 328. However, with its drain coupled to 
bonding pad 314, and the gate coupled to the drain of transistor 318, both the drain 
and gate of PMOS transistor 334 are biased at OV. Accordingly, the source of 
PMOS transistor 334 has a voltage level of about |V t h P |, wherein V t h P is the threshold 
of PMOS transistor 334. Therefore, the gate of PMOS transistor 326 is biased at 
|V th p|, and is turned on to pass D 2 to the gate of PMOS transistor 316 to fully turn off 
PMOS transistor 316. There is no leakage current through PMOS transistor 316 or 
its parasitic diode 322 to V D d. 

[038] B. Transmit mode, logic high output signal (2.5V) 

[039] When buffer circuit 300 is in the transmit mode and both Di and D 2 
are 0V, NMOS transistor 318 is off, and NMOS transistor 328 is turned on to bias 
PMOS transistor 316 at 0V. Therefore, PMOS transistor 316 is turned on and 
bonding pad 314 has a voltage level of V D d, or 2.5V. Since the gate of PMOS 
transistor 330 is biased at 0V, PMOS transistor 330 is turned on and therefore the 
substrate of PMOS transistor 316 is also at 2.5V. Again, there is no leakage current 
through parasitic diode 322 to Vdd, and the gate-to-source and gate-to-drain biases 
are both at 2.5V. 

[040] C. Receive mode, logic high input signal (5V) 

[041] In the receive mode, Di is at 0V and D 2 is at 2.5V. NMOS transistor 
318 is turned off. When the signal on bonding pad 314 is at a logic high, i.e., 5V, 
PMOS transistor 332 is turned on to bias the gate of PMOS transistor 316 at 5V. 
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Therefore, PMOS transistor 316 is turned off and its gate-to-drain bias is 
approximately OV and its gate-to-source bias is approximately 2.5V. 

[042] At the same time, because the gate of PMOS transistor 330 is biased 
at 5V also, PMOS transistor 330 is turned off. The substrate of PMOS transistor 316 
follows the voltage on bonding pad 314 because of the drain-to-substrate parasitic 
diode 322. Therefore, the voltage at substrate of PMOS transistor 316 is also 
approximately 5V. As a result, there is no leakage current through PMOS transistor 
316 to V D d because the source-substrate junction of PMOS transistor 316 is reverse- 
biased. 

[043] For PMOS transistor 334, the gate is coupled to the drain of PMOS 
transistor 340 and is kept at approximately V D d, i.e., 2.5V. Therefore, PMOS 
transistor 334 is turned on and the gate of PMOS transistor 326 is also biased at 5V. 
Input circuit 336 receives the 2.5V signal at the drain of PMOS transistor 340, which 
is a logic high to the first circuit 

[044] P. Receive mode, logic low input signal (0V) 

[045] Similar to the case when buffer circuit 300 is in the transmit mode and 
outputs a logic low output (0V), as discussed in Section A above, a 0V signal on 
bonding pad 314 will turn on NMOS transistor 320 and PMOS transistor 326, and 
the gate of PMOS transistor 316 is biased at 2.5V. Therefore, PMOS transistor 316 
is fully turned off, and there is no leakage current through parasitic diode 322 to V D d- 
Also, since NMOS transistor 320 is turned on, the source is biased at 0V also. 
Therefore, a logic low signal is provided to the first circuit by way of input circuit 336. 
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[046] E. Simulation Results 

[047] Figs. 4 and 5 show simulation results for operation of buffer circuit 

300. 

[048] Fig. 4 graphically illustrates a simulation result of the substrate bias 
of PMOS transistor 316 with respect to D ou t when buffer circuit 300 is in the transmit 
mode. In the simulation, both Di and D 2 are buffered D ou t, i.e., they have the same 
voltage level as D ou t. The first power supply voltage is assumed to be 2.5V. As 
shown in Fig. 4, the substrate bias of PMOS transistor 316 falls within the range of 
about between 2.1 to 2.6V, and the difference between the substrate bias and the 
voltage on I/O pad 314 is no more than about 2.5V. 

[049] Figs. 5A and 5B illustrate another simulation result of the gate-to- 
drain bias (V gd ), the substrate bias, or n-well bias, of PMOS transistor 316 and the 
input signal D jn in the receive mode as the signal on bonding pad 314 changes with 
time. Fig. 5A shows the voltage on I/O pad 314, the voltage level of n-well, and the 
voltage level of input signal D in , versus time. Fig. 5B shows the corresponding gate- 
to-drain bias Vgd versus time during the same time frame as that of Fig. 5A. As 
shown in Figs. 5A and 5B, the n-well bias of PMOS transistor 316 is very close to 
the voltage on I/O pad 314 when the voltage on I/O pad 314 exceeds about 2.5V, 
and the gate-to-drain bias V gd is always below about 2.5V. 

[050] It will be apparent to those skilled in the art that various modifications 
and variations can be made in the disclosed process without departing from the 
scope or spirit of the invention. Other embodiments of the invention will be apparent 
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to those skilled in the art from consideration of the specification and practice of the 
invention disclosed herein. It is intended that the specification and examples be 
considered as exemplary only, with a true scope and spirit of the invention being 
indicated by the following claims. 
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